PARI, an element of the homologous recombination pathway of DNA repair,is involved in the regulation of cell cycle and carcinogenesis in pancreatic cancer. However, little is known about the function and regulatory mechanism of PARI in other cancers. In the present study, we evaluated the expression of PARI in gastric cancer (GC) by immunohistochemical analysis in a tissue microarray and characterized its functions using in vitro assays and in vivo animal models. We found higher expression of PARI protein was shown in GC tissues compared with related adjacent normal gastric mucosa tissues. Knockdown of PARI by RNA inference decreased cell proliferation, migration, and invasion of GC cells in vitro, as well as reduced the xenograft tumor growth and lung metastasis formation in vivo. Quantitative real-time PCR and western blot results revealed that PARI expression was activated by a well-known oncogene FOXM1 and positively correlated with FOXM1 expression at mRNA level in 38 paired of GC samples. Luciferase reporter assay and chromatin immunoprecipitation assay further demonstrated that FOXM1 directly regulated PARI transcription by binding to the specific sequences of PARI promoter. In addition, PARI knockdown blocked the effect of FOXM1 on GC cell migration. Taken together, our results suggest that PARI plays potential oncogenic roles and functions as a transcriptional target and effector of FOXM1 in GC development.
Introduction
Gastric cancer (GC) is the third leading cause of cancer-related mortality worldwide and particularly prevalent in Asian countries [1] . Current treatments, including surgery, chemotherapy and radiotherapy, have been improved at full speed in recent years. However, GC patients remain a pessimistic survival due to the absence of specific biomarkers for early detection and highly effective therapies [2] . Many oncogenes, tumor suppressor genes and microRNAs have been reported to be closely associated with GC progression [3] [4] [5] , but promising molecules being useful for GC early diagnosis and targeted therapy are still limited to date. As such, it is essential to devote more research to identify new biomarkers, anti-tumor targets and oncogenic processes operative in GC in the near future for this disease therapy.
PARI, also named C12orf48 or PARPBP, is a vital inhibitor of the homologous recombination of human cells during DNA repair [6] . At molecular level, PARI interacts directly with a few of important regulators of DNA repair and cell proliferation, including PARP-1, RAD51 and PCNA [7, 8] . Downregulation of PARI in some cancer cells could improve homologous recombination and preserve genomic stability. Moreover, PARI is also involved in the regulation of cell cycle [9] . Evidence has revealed that PARI could be recruited to replication forks during S-phase through interacting with SUMOylated PCNA.
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Importantly, aberrant upregulation of PARI has been observed in a variety of malignancies by gene expression profiling analysis, such as breast cancer, colorectal cancer, lung cancer and hepatocellular carcinoma [10] [11] [12] [13] . Recently, PARI is also manifested to be overexpressed in pancreatic ductal adenocarcinoma (PDAC) cells [14] . Knockdown of PARI in PDAC cells significantly suppresses cell growth in vitro and in a mouse xenograft model. However, the expression and function of PARI in GC and the relationship between its expression and clinicopathologic significance remain unclear.
In the present study, we provided evidence that PARI has an altered expression profile in GC tissues. We further demonstrated that knockdown of PARI suppressed GC cell proliferation, migration and invasion in vitro, and inhibited the xenograft tumor growth and lung metastasis in vivo. Furthermore, we found that FOXM1, a well-known transcriptional factor that contributes to oncogenesis in a variety of tissues, activated PARI expression by directly binding to the promoter of PARI. These results highlight FOXM1/PARI axis contributes to gastric carcinogenesis and provide new insights on GC progression and metastasis.
Materials and methods

GC tissue microarray and immunohistochemistry
A tissue microarray (Cat#: HStm-Ade180Sur-06, Shanghai Outdo Biotech, Shanghai, China) with 90 matched pairs of primary GC samples and adjacent gastric tissues was applied to evaluate the expression and clinical relevance of PARI. Specific primary antibody against PARI (Cat: #AP10083b, ABGENT, USA) was used for immunostaining. The staining was performed according to the commercial protocol (Outdo Biotech, Shanghai, China). The immunohistochemical score were assessed by two experienced pathologists without knowledge of patients' characteristics. Staining was analyzed based on the percentage of positively stained cells and staining intensity. Briefly, the staining scores graded as follows: no staining, -; weakly positive, +; moderately positive, ++; and strongly positive, +++. For quantification, all stains were assessed at 200× magnifications and at least 3 fields from each core were counted.
Tissue samples
Fresh paired gastric cancer tissue samples and adjacent non-cancerous stomach tissues were obtained from 38 patients with GC who underwent primary surgical resection at the Department of General Surgery, Shanghai East Hospital, Tongji University School of Medicine between October 2013 and May 2014. Patients who received preoperative treatment were excluded from the study. All patients in this study provided written informed consent. After resection, tissue samples were flash frozen immediately in liquid nitrogen and stored at -80°C prior to RNA extraction. The use of tissue materials for research was approved by the ethics committee of the Shanghai East Hospital of Tongji University.
Cell lines and culture conditions
The four human GC cell lines MGC803, AGS, BGC823, and SGC7901 were obtained from Shanghai Cell Bank of Chinese Academy of Sciences, China and cultured in MEM medium (Life Technology, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone, USA) and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin). All above cells were grown in a humidified incubator with 5% CO2 at 37°C.
RNA interference and PARI overexpression plasmid
The siRNAs targeting PARI were designed as siPARI1 (sense 5-GCUGCUCGAGAGAAACAAAdT dT-3) and siPARI2 (sense 5-CCUUUAAGGACACA UGUAAdTdT-3) and chemically synthesized by GenePharma, Shanghai, China. The FOXM1 siRNA was designed as siFOXM1 (sense 5-CUCUUCUCC CUCAGAUAUAdTdT-3). The irrelevant nucleotides not targeting any annotated human genes were used as negative control: siNC (sense 5-UUCUCCGAA CGUGUCACGUdTdT-3). PARI expression construct (pcDNA3.1-PARI-HA) was obtained from Shanghai Tuzhu Biotech, China. The accurate reading frame insertion was verified by DNA sequencing. The plasmid pcDNA3.1-FOXM1 was a gift from Dr. Keping Xie, in the University of Texas MD Anderson Cancer Center, US [15] . The lentivirus knocking down PARI (LV-shPARI) were packaged and purchased from GenePharma, Shanghai using siPARI2 corresponding sequences. Cell transfection with plasmids or siRNAs was conducted using Lipofectamine 2000 (Invitrogen, USA) in accordance with the manufacturer's instructions.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from frozen tissue samples and cultured cell lines using Trizol Reagent (Takara, Japan) according to the manufacturer's protocol. First-strand cDNA was synthesized from 1 μg of total RNA using the PrimeScript RT reagent Kit with gDNA Eraser (Takara, Japan). qRT-PCR was performed on the 7500 Real-Time PCR System (Applied Biosystems, USA) using 1μL of cDNA with the SYBR Prime-Script RT-PCR kit (Takara, Japan). β-actin was measured as an internal control for cells and tissues. Specific primers used in the analysis were designed as follows: PARI, forward: 5'-ATAATGAA AAGGTGCAGCTG-3', reverse: 5'-CCCTGCAATGC TTGGGTTTG-3'; FOXM1, forward: 5'-GGGCGCACG GCGGAAGATGAA-3', reverse: 5'-CCACTCTTCCAA GGGAGGGCTC-3'; β-actin, forward: 5'-CCTGGCAC CCAGCACAATG-3', reverse: 5'-GGGCCGGACTCG TCATACT-3'. The differential expression level was calculated using 2 -ΔCt formula. All the experiments were performed in triplicate.
Western blot assay
Cell lysates from GC cells were prepared using cold lysis buffer ( 
CCK8 and colony formation assays
The cell growth assays were performed as described previously [16] . For proliferation assays, 3×10 3 cells in 100µl culture medium were plated into a well of 96-well plate. After culturing cell for an appropriate time, 10 µl of Cell Counting Kit 8 (CCK8, Dojindo Laboratories, Japan) was added into each well and cultured for 1-2 h. Then optical density was read at 450 nm wavelength and cell growth curves were determined according to the optical density value. For colony formation assay, GC cells were seeded into 6-well plates (1000 cells/well), and the colonies were stained and counted after culture for 14 days. All experiments were performed in triplicate.
Cell migration and invasion assays
3×10 4 transfected GC cells were cultured in 400 μl serum-free media and seeded in the upper part of each transwell chamber in a 24-well format (Corning, USA). 800 μl of normal MEM medium containing 10% FBS was added as a chemoattractant in the bottom chamber. Similarly, approximately 6×10 4 cells suspended in 400μl serum-free media were seeded independently in the top chamber coated with matrigel for invasion assays. After incubation for 24-48 h, the cells on the upper part of the chamber were removed with a cotton applicator, whereas the cells migrated through the membrane were stained with crystal violet. The migrated cells on the bottom surface of the membrane were photographed and counted on an inverted microscope. The migrated cells were counted in five random fields under a light microscope (200×magnification) and the average number of five fields was calculated. All assays were performed in triplicate and repeated three times.
Tumorigenicity and lung metastasis models
The protocol for animal experiments was viewed and approved by the Institutional Animal Care and Use Committee of Shanghai East Hospital, Tongji University. Four-week-old Male athymic nude mice were obtained from SLAC Laboratories Animal, Shanghai, China and maintained in sterile laminar flow cabinets. 1.5×10 6 of SGC7901 or MGC803 cells was inoculated bilaterally and subcutaneously into the flanks of nude mice. Bidimensional tumor measurements were taken with vernier calipers every 4 days, and the mice were euthanized after 4 weeks. The volume of the implanted tumor was calculated using the formula: volume = (π*width 2 *length)/6. In addition, the subcutaneous tissues were fixed in 4% paraformaldehyde, stored in 70% ethanol, and then treated with paraffin-embedding, sectioning, H&E staining and immunohistochemistry examination with PARI antibody (1:100, ABGENT, USA) and PCNA antibody (1:100, Proteintech, China).
For lung metastasis assay (n=6 for each group), the mice at the age of 6 weeks old were injected with 1×10 6 cells of SGC7901-Lv-shNC, SGC7901-LvshPARI through tail vein, respectively. After 4 weeks, the groups were sacrificed, the lungs were removed and photographed, obvious lung metastatic tumors on the surface were calculated.
Promoter Reporters and Dual-luciferase Assay
The PARI promoter (-1500, +76) was amplified and the fragment was cloned into the luciferase reporter plasmids pGL3-basic vector (Promega, USA), designated as pGL3-PARI. Mutant construct pGL3-PARI-MU was generated as shown in Figure 6C by site-directed mutagenesis. For luciferase assay, 5×10 4 cells per well in 24-well plates were cultured without antibiotics overnight and then transfected with pGL3-PARI or pGL3-PARI-MU and pcDNA3.1-FOXM1 or negative vector. In the meantime, all cells were co-transfected with pRL-SV40 Renilla luciferase construct for normalization. After 24 h, cells were washed with PBS, subjected to lysis, and their luciferase activities measured by using a dual luciferase assay kit (Promega, USA). All transfections were performed in triplicate and repeated three times.
Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was performed using a ChIP assay kit (Millipore, CA, USA) according to the manufacturer's instructions. In brief, SGC7901 cells were lysed using SDS lysis buffer and DNA was sheared by sonication. Protein-DNA complexes were precipitated by control immunoglobulin G and anti-FOXM1 antibody (Proteintech, Wuhan, China) respectively, followed by eluting the complex from the antibody. PCR was carried out with primers specific for PARI promoter. The primer pair 5′-ACACAAGGGTTGTCCTGAA-3′ and 5′-CCTTCAAAAGTCTCCAGTC-3′ were used to amplify a 147-bp region (−637 to -490 bp) of the PARI promoter. The PCR products were resolved electrophoretically on a 2% agarose gel and visualized using ethidium bromide staining.
Statistical analysis
Statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) 17.0 software. Results obtained from in vitro and in vivo experiments were presented as mean ± standard deviation (SD) and analyzed by two-tailed Student's t-test. P < 0.05 was considered significant.
Results
PARI is frequently upregulated in GC
To assess the potential effect of PARI on GC, we first evaluated the expression pattern of PARI in GC samples by immunohistochemical staining. A GC tissue microarray that contains 90 primary gastric cancer specimens and paired adjacent normal gastric mucosa tissues was stained with PARI specific antibody. Among them, 11 paired samples were failed in staining. The rest 79 paired of samples were classified into -, +, ++ and +++ level expression as described in methods section ( Figure 1A) . The staining level of PARI was significantly higher in GC tissue group compared with the adjacent noncancerous mucosa control group ( Figure 1B) . When PARI expression was evaluated in GC samples and their matched adjacent normal gastric mucosa tissues, we found PARI was upregulated in 35.4% of GC tissues, whereas downregulated in 24.1% of GC samples ( Figure 1C) . We next analyzed the relationship between some clinicopathological features and PARI expression levels in gastric cancer cases. However, due to the insufficiency of sample capacity, the clinicopathological features such as age, gender, TNM stage and tumor differentiation between the two groups showed no-statistical significance. These results indicated that PARI expression is upregulated in GC tissues and may play important roles in gastric carcinogenesis.
PARI significantly promotes GC cell proliferation
To characterize the function of PARI in GC, we first investigated the effect of PARI silencing on cellular growth. Two specific small interference RNAs, siPARI1, siPARI2 and negative control siNC were transiently transfected into MGC803 or AGS cells, respectively. The efficiency of PARI knockdown was analyzed by qRT-PCR (Figure 2A ). Then, cell viability assays were performed to monitor the growth of transfected cells. As shown in Figure 2B , both MGC803 and AGS cells transfected with siPARIs slowed cell growth compared with the negative control group, indicating PARI knockdown inhibited GC cell growth. Furthermore, we conducted colony formation assays to evaluate the long-term effects of PARI on cell proliferation. Two lentivirus particles containing shPARI and shNC were packaged and infected into SGC7901 and MGC803 cells. After puromycin screening, the stable cells were seeded on 6-well plates and allowed to grow for two weeks. The final data exhibited that PARI knockdown also decreased the ability of colony formation of GC cells ( Figure 2C) . Conversely, the proliferation ability of PARI-overexpressed BGC823 cells was increased significantly relative to the control group as indicated in Figure 2D . These observations above strongly suggested that PARI has a positive effect on GC cell growth in vitro.
Knockdown of PARI suppresses xenograft tumor growth
To determine the role of PARI on GC cell growth in vivo, SGC7901-LV-shPARI cells were subcutaneously inoculated into a side of nude mice to form xenograft, while SGC7901-LV-shNC cells were used as controls to inoculate into the opposite side of the same mice. As a result, no visible tumors were observed in the PARI silencing group after 4 weeks, whereas tumors were markedly generated in the control group ( Figure 3A) , implicating that knockdown of PARI abolished tumor formation ability of SGC7901 cells in nude mice. Meanwhile, MGC803-LV-shPARI cells and MGC803-LV-shNC cells were also employed to detect the tumorigenicity. Consistently, the tumors formed from PARI silenced MGC803 cells were significantly smaller in size and lower in weight than those formed from the control cells ( Figure 3B) . Moreover, immunostaining of the xenograft tumors with an anti-PARI antibody were performed. PCNA is a cell cycle promotive protein, the expression of which implicates cell proliferation rate. In line with reduced tumor growth, the expression of PCNA was found to be substantially decreased in PARI downregulated tumor tissues ( Figure 3C ), suggesting PARI expression is critical for tumor cell proliferation in vivo.
PARI knockdown decreases the ability of GC cell migration and invasion
Next, we assessed the effects of PARI on cell migration and invasion, which are key determinants of malignant progression and metastasis of GC. The results showed that cell migration and invasion of MGC803 and AGS cells were significantly attenuated by PARI knockdown in the Transwell assay ( Figure  4A and 4B). Consistent with the in vitro assay, the in vivo pulmonary metastasis model result also demonstrated that PARI downregulation suppressed GC cell metastasis, since fewer and smaller tumors formed in the lungs of those mice injected with SGC7901-LV-shPARI cells than those of mice infected with SGC7901-LV-shNC cells. Histological analysis confirmed the presence of metastatic tumors in the lungs of these mice ( Figure 4D ). These collective data suggested that PARI silencing may be involved in the suppression of metastasis of GC.
PARI expression is regulated by FOXM1 in GC
Previous studies have shown that overexpression of FOXM1 contributes to gastric carcinogenesis [17, 18] , while the underlying mechanisms remain to be elucidated. Interestingly, a Meta-analysis using oncomine cancer microarray database implicated that PARI is co-expressed with FOXM1 [9] . Therefore, to identify the molecular correlation between PARI and FOXM1, we transfected FOXM1 siRNA into MGC803 cells and detected the expression of PARI and FOXM1 by qRT-PCR. The results indicated that the mRNA level of PARI was significantly decreased with FOXM1 knockdown ( Figure 5A ). On the contrary, when FOXM1 was overexpressed in this cell line by transiently transfection with FOXM1 expression plasmid, PARI was increased in mRNA level ( Figure 5B ). Furthermore, PARI was also upregulated in protein level with FOXM1 overexpression in SGC7901 cells ( Figure 5C ). These results demonstrated that PARI expression is activated by FOXM1. To verify the relationship between FOXM1 and PARI in GC tissue samples, 38 pairs of gastric cancer tissues and neighboring non-cancerous stomach tissues were analyzed by qRT-PCR. Using linear regression analysis, we found there was a significant positive correlation between PARI and FOXM1 expression in GC tissues (Figure 5D ), supporting the conclusion that PARI expression is regulated by FOXM1. 
FOXM1 directly binds to the PARI promoter and regulates its activity in GC cells
Since FOXM1 is a transcriptional activator, we explored whether FOXM1 regulates PARI promoter activity. The PARI promoter luciferase construct pGL3-PARI and FOXM1 expression plasmid or control vector were co-transfected into MGC803 or AGS cells. As shown in Figure 6A , the luciferase activity was higher in FOXM1 overexpressed cells than the control cells. More importantly, the luciferase activity of PARI promoter was regulated by FOXM1 expression in a dose-dependent manner ( Figure 6B ). When we analyzed the sequence of PARI promoter using the FOXM1 consensus sequence 5'-AC/ TAAAC/TAA-3', we found a putative FOXM1 binding site in the region of -602 to -595 bp. By site-specific mutagenesis, we generated a mutated PARI promoter construct, pGL3-PARI-MU, as shown in Figure 6C . As expected, disruption of the FOXM1 binding site significantly attenuated the effect of FOXM1 expression on PARI promoter activity ( Figure  6D ). To address whether FoxM1 may directly bind to endogenous PARI promoter region, we performed chromatin immunoprecipitation assay with SGC7901 cells. The data showed that endogenous FOXM1 could bind to the putative binding site of FOXM1 in PARI promoter region ( Figure 6E ). All these results above suggested that FOXM1 directly regulates PARI expression in GC cells.
To elucidate the functional link between PARI and FOXM1, we transiently transfected FOXM1 expression plasmid into PARI silenced MGC803 and AGS cells, respectively. Transwell assays were performed to analyze the effect on cell migration. The resulting data indicated that PARI knockdown suppressed the effect of FOXM1 on cell migration (Figure 7 ), suggesting that PARI may act as a functional downstream effector of FOXM1.
Discussion
Tumor relapse and metastasis are thought of as the major causes of death in GC patients. Unfortunately, because of the lack of knowledge regarding the mechanism underlying tumorigenesis, no effective therapies that block the development and progression have been identified to date. In the present study, we provided evidence that PARI, an element of the homologous recombination pathway of DNA repair, exhibits an altered expression profile in GC that has functional impact in cellular proliferation, migration and metastasis. Our findings may help to understand the tumor development and metastasis and provide a new promising therapy target for GC.
As known, tumorigenesis may originate from the dysregulation of normal developmental genes [19, 20] . Homologous recombination promotes error-free DNA repair of strand breaks in S-phase and G2 by using the sister chromatid as repair template [21] . Inappropriate homologous recombination often causes genomic instability and cancer [22] [23] [24] . PARI has been known as a factor involved in homologous recombination pathway of DNA repair. Reports have revealed that PARI downregulation improves homologous recombination and genomic stability in HR-deficient Fanconi Anemia/BRCA pathwayinactivated cancer cells [8] . However, it is found overexpressed in PDAC cell lines and leads to homologous recombination inhibition, DNA damage hypersensitivity, and genomic instability [14] . Furthermore, knockdown of PARI significantly suppresses human HeLa cell growth in another study [25] . They put forward that PARI is an oncogene. A meta-analysis indicates that PARI is co-expressed with a number of mitosis related genes such as AurkA, Plk-1, Cdc20, Cdk1,Nek2, Top2A and CENP family members. This suggests it may be an important molecule for both interphase and mitosis and accordingly regulate cell cycle progression [9] . Therefore, these experimental and bioinformatic findings led us to hypothesize that PARI contributes to tumor progression in GC. Our present data demonstrate that knockdown of PARI decreases the proliferation and metastasis of human gastric cancer cells in vitro and in vivo. All of the results support our hypothesis that PARI plays a stimulative role in progression of gastric cancer and is a potential therapeutic strategy for gastric cancer. Previous studies have demonstrated that FOXM1 is a member of the Forkhead box (Fox) transcription factor family, and is generally highly expressed in several aggressive human carcinomas and related to oncogenesis in many tissue types, including GC [26] [27] [28] [29] [30] [31] . In accordance with FOXM1, PARI has the similar function in GC based on our study. Additionally, a meta-analysis has implicated that PARI is co-expressed with FOXM1 in oncomine cancer microarray database. Importantly, we found a putative binding site of FOXM1 in the promoter of PARI. Subsequent molecular biology experiments confirmed PARI transcription is modulated by FOXM1 directly. Furthermore, a strong correlation of the expression of FOXM1 and PARI were observed in patients with GC. Enforced FOXM1 expression did not restore the suppressive phenotype of PARI knockdown on cell migration. Therefore, abnormal expression of FOXM1 during the initiation and development of gastric cancer contributes to abnormal PARI expression and activation; the latter may be a novel molecular marker for poor prognosis and contribute to gastric cancer pathogenesis.
In conclusion, our study is the first to demonstrate the expression pattern of PARI and its potential roles in human GC, as well as the involvement in the FOXM1 mediated oncogenesis. Further study is still required to clarify the downstream pathway of PARI in the future. 
